A method for making mucopolysaccharide molecules visible in the electron microscope is reported and is applied to elucidate the structure of hyaluronic acid. The method is essentially that of Kleinschmidt and Zahn' 2 for nucleic acids: the polyanion strands are combined with a positively charged protein, such as cytochrome c, incorporated into a surface film of the protein, and then shadowed with electron dense material. Individual strands can be seen, and therefore molecular structure may be investigated. This was not possible in earlier attempts to visualize hyaluronic acid in the electron microscope,3-6 in which, as Gross3 4showed, undefinable though possibly fibrillar aggregates were observed.7
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Hyaluronic acid is of structural importance in animal connective tissue,8 in the vitreous body of the eye,9 and is the lubricating component of joint fluid. 10 Physical evidence indicates that hyaluronic acid molecules behave in solution as relatively stiff chains.7' 8, [11] [12] [13] [14] The solutions show considerable particle-particle interaction,7' [14] [15] [16] [17] and this led Preston, Davies, and Ogston14 to raise the question whether hyaluronic is a straight-or branched-chain molecule. Chemical evidence18 shows that it is a linear polymer of N-acetylglucosamine and glucuronic acid, but a few branch points in a polymer of several thousand hexose units could elude detection1 and yet radically alter the appearance of the molecule and its interactions.
To determine whether the chains are linear or branched, hyaluronic acid molecules were spread on a surface and examined in the electron microscope; a distribution of chain lengths was also obtained. Preparation of samples for electron microscopy: Lyophilized hyaluronic acid was dissolved in water or 0.04 M ammonium acetate solution and diluted with the same solvent. Ammonium acetate solution (4 M) was added to stock cytochrome c solution (Calbiochem Co., 10 mg protein/100 ml H20) to make solutions 0.16 M or 0.04 M with respect to ammonium acetate. Just before use, hyaluronic acid and cytochrome c solutions were mixed. The final concentrations were: cytochrome c 4.5-9.5 mg/100 ml, ammonium acetate 0.036-0.14 M, and hyalturonic acid 0.1-2.0 ,ug/ml.
A Petri dish (15 cm X 2 cm) was coated with wax, filled with water, and the surface swept clean with a waxed barrier. A clean microscope slide was immersed in the trough except for one end which was supported by the barrier. After the water surface had become quiescent, a barrier of talcum powder was spread in an arc around the interface of the microscope slide and the air-water meniscus, 2-4 drops of hyaluronic acid-cytochrome c mixture were run down the slide and spread as a film of 2-10 cm2 area. Copper electron microscope grids recently coated with a 3% w/v parlodion film were touched to the surface, then dipped into 95% ethanol for 30 Results.-Typical appearances of the hyaluronic acid molecules are illustrated in Figure 1 . Little crossing-over of threads was observed, unless the material was too concentrated. Among at least 1000 hyaluronic acid molecules observed, not more than five possible branch points were seen. Several other apparent branch points were observed, but could equally well be interpreted as folded-over loops of a given single strand. Variation of the final salt concentration showed little effect, though "flower-like" formations, similar to those known to occur with DNA under low salt conditions, were also observed. A few highly convoluted forms, differing from "flower-like" formations were seen on electron microscope grids which otherwise displayed only well-laid-out linear forms (Fig. 2, top) . It was impossible to distinguish between branching and folding-over of loops in these convoluted forms. In a few instances a short projection, a few tenths of a micron long, appeared to come from an otherwise continuous region of a long strand (Fig. 2, bottom) .
Such a projection may represent a true branch point or a separate short strand, or else be a region of overlap of the ends of separate long strands, or possibly a fold.
Brief treatment of the hyaluronic acid with bovine testicular hyaluronidase (Worthington Biochemical Corp.; 4 ,ug enzyme/ml, 2 min at 220C) prior to mixing with cytochrome c, caused scission into short, ill-defined fragments.
Length measurements on 458 clearly defined particles are given in Figure 3 . The particles were grouped by length (ii) at 0.2-,u intervals, and the ordinate gives the number of particles (Ni) in a group. Arrow A indicates the number average particle length (t 2Nili}/2NO) of 1.64 A, and arrow B the weight average particle length ({ 2;Nilirl-}/{ 2Nili }) of 2.42 M.
To verify that the lengths measured on electron micrographs were representative of the chain lengths of the particles in solution, average particle weights were calculated from the data of Figure 3 and compared with an average particle weight derived from sedimentation and viscosity measurements. This requires that the mass per unit length of strand be known. The repeating unit of hyaluronic acid'8 is believed to be 2-acetamido-2-deoxy-3-0-(3-D-glucopyranosyluronic acid)-D-glucose of molecular weight 500. The effective length of this disaccharide unit along the hyaluronic acid strand depends upon rotation around the glycosidic linkage. A "C-P-K" (Corey-Pauling-Koltun) space-filling molecular model was built of two such disaccharide units linked end-to-end. The length of the tetrasaccharide model, equivalent to 1000 molecular weight, could be varied from 10 to 20 scale Angstrom units by rotation about the glycosidic linkages. Although the extended configuration is the more likely one for hyaluronic acid in solution, the effect of interaction with cytochrome c is unpredictable and therefore introduces an uncertainty of up to a factor of two in molecular weights calculated from strand length. Discussion.-Since it is unlikely that the polysaccharide chain is either fully extended or highly folded within its envelope of cytochrome c, one may take as the weight average molecular weight calculated from strand length a value between 1.2 and 2.4 X 106, and compare this with the value of 2.5 X 106 derived from hydrodynamic measurements. This disagreement is probably within the experimental error of the two methods, especially as they may represent different averages of the same distribution. Furthermore, the material which was examined in the electron microscope may have been slightly degraded by keeping it in solution for a few days at 40C before preparing all the samples. These molecular weights are within the range reported for hyaluronic acid of human synovial fluid. 13, 24 To what extent do electron micrographs made by this method allow correct conclusions to be made about the state of hyaluronic acid in vivo? It is known that hyaluronic acid may be degraded during isolation, as judged by the viscosity behavior of its solutions.7' 8, 11, 15, 25, 26 The material examined in this study had been prepared by the relatively mild procedure of ultrafiltration, 15, 20 but it may still have been degraded, since long molecules can be broken by shearing force. It is not understood how hyaluronic acid is retained on a 1\iillipore filter of 0.22-MA pore size, but presumably very short molecules would have been lost. This would have affected both the hydrodynamic and electron microscopic measurements, and the size distribution of Figure 3 may correspondingly show fewer short molecules than were originally present.
The following discussion supports two further conclusions: (1) that practically all hyaluronic acid chains are unbranched, and (2) that the observed ends of strands are not artifacts of the electron microscope mounting procedure. strands by a factor approximately equal to the number of branch points or attachments affected. Within a factor of two, however, the weight average particle weight agreed with that obtained from sedimentation and viscosity measurements made on the solutions, and therefore it is unlikely that such artifacts were significant in this study.
Substantial sampling errors are unlikely on the basis of similar reasoning. Thus the original sample could have contained a mixture of linear and branched molecules, but only the linear molecules might have been incorporated into the cytochrome c film. The average particle weight obtained from length measurements would then not represent the whole sample and, unless the linear and branched chains had the same average length, this particle weight would have differed substantially from the estimate based on hydrodynamic measurements.
The short projections arising from some strands, if truly connected with the main strand, could represent branch stumps left after breakage, or points of overlap of two strands artificially joined by cytochrome c, or folded portions of straight strands.
The highly convoluted forms may represent adhesions of a cytochrome c covered strand after folding over onto itself or may truly represent a separate minor component. This preparation did contain about 2 per cent (w/w) of protein.
The observed strands were not nucleic acid contaminants since (1) degradation was produced by hyaluronidase, (2) the absorption spectrum of a concentrated sample was unlike that of DNA, and (3) even if all the absorption at 260 miL were ascribed to DNA, its concentration in the final sample would have been three orders of magnitude less than that normally employed for this method (1 Ag/ml).
This study indicates that the particular sample of hyaluronic acid from human synovial fluid is almost exclusively a straight-chain polymer with a considerable range of chain length. Laurent et al. 6 found by fractionation studies that hyaluronic acid from bovine vitreous body was heterogeneous, and polydispersity has been indicated by other studies.7' 12, 26 At present, measurements on hyaluronic acid in solution are limited by the appreciable particle-particle interactions which it shows at the concentrations required by existing methods. The method described here bypasses this difficulty, gives information on the state of branching, and requires only microgram quantities of material. The extension of the method to other polysaccharides is currently under investigation.
Summinary. A method is described for making individual hyaluronic acid chains visible in the electron microscope, and it should be generally applicable to acidic polysaccharides. The chains of hyaluronic acid isolated from synovial fluid were found to be practically all straight chains and to have a wide distribution of particle size.
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